Abstract-A 10 GHz hybrid Y-Ba-Cu-0 / GaAs microwave oscillator proximity coupled to a circular microstrip antenna has been designed, fabricated and characterized. The oscillator was a reflection mode type using a GaAs MESFET as the active element. The feedline, transmission lines, rf chokes, and bias lines were all fabricated from YBa,Cu,O,-~ superconducting thin films on a 1 cm X 1 cm lanthanum aluminate substrate.
I. INTRODUCTION
The application of high temperature superconducting (HTS) thin films to microwave circuits is advantageous since the films have a lower surface resistance than gold or copper at microwave frequencies. Passive circuits such as ring resonators [l] , [2] , filters [3] , transmission lines [4] , and antennas [5] fabricated from HTS films have shown substantial improvements in performance over identical circuits fabricated with normal metals. Several authors have suggested that HTS technology may be very beneficial in phase-array antenna systems [6] , [7] . To date, a limited amount of work in the area of passive microstrip antennas has been reported [5] . However, for HTS to be useful in phased array antennas, active circuits such as oscillators, phase shifters and power amplifiers, will need to be integrated with radiating elements so that beam control and/or scanning may be realized. Because of the limited amount of available space in high frequency arrays, some authors have suggested the use of an active patch antenna as the radiating element. By using active patch antennas, the problem of rf distribution to each radiating element is minimized and space is made available for phase shifters and power amplifiers.
In this paper, we report a first demonstration of a HTS/GaAs hybrid active patch antenna consisting of a hybrid oscillator on one substrate, and a feedline proximity coupled to a circular microstrip patch antenna on a second substrate. The patch antenna was printed on alumina ( E , = 9.9) to reduce the effective permittivity seen by the radiator. The performance of this active antenna was measured at 77 K.
DESIGN
Since our objective was to implement the entire oscil tor on a single substrate to be cooled to 77 S-parameters of the transistors were first obtai measurements at cryogenic temperatures for use design of the oscillator. The active device used 1 oscillator was a low noise MESFET with a gate len 0.25 p m (Toshiba GaAs MESFET, part no.
JS8
The S-parameters of the FET for the fr 2 GHz to 26 GHz were measured over a temperature (300 K) to 40 K. The magni the S-parameters at 10 GHz as a function are shown in Fig. 1 . The S-parameters frequency at 300 and 77 K will be pr formed with a commer (Touchstone) under the would be held at Id = would be held at 77 K. ring resonator in the matching network off the drain for the frequency stabilization. Using the small signal parameters that were measured at 77 K, the input refl tion coefficient at the drain was made very large GHz, which was used to select the frequency of operation was place h,/4 from the drain of the transistor, parallel coupled to the output transmission line using a 40-pm wide coupling gap. The matching network, including the ring resonator, was designed such that the magnitude of the real part of the impedance of the matching network was less than the magnitude of the real part of the impedance looking into the drain of the FET. The magnitude of the imaginary part of the impedance was equal to zero at the resonant frequency. With this criterion met, the 10-GHz oscillation will start upon proper biasing of the FET. The output of the oscillator was taken off the drain. The physical layout of this reflection mode oscillator is shown in Fig. 2 . The antenna used for this investigation was a circular microstrip patch which was proximity coupled to a microstrip feedline. The feedline for the antenna was patterned on a second substrate for two reasons: this method allowed for the testing of both the oscillator and the antenna separately to determine their performance, and secondly, a HTS thin film with an area large enough to pattern the entire circuit was available.
The resonant frequency of the circular antenna patch was found from the formula [91: where a, is the effective radius of the patch 2d
Here, d is sum of the thickness of the two substrates between the patch and the ground plane and a is the physical radius of the patch. Because the patch was printed on an alumina (e1 = 9.9) substrate with a thickness of 254 wm while the feedline and ground plane were on lanthanum aluminate (e2 = 23) with a thickness of 508 pm, the value for the net ceq of this dual layer substrate to use in (1) and (2) was found using a static capacitor model
to be 16.0, resulting in the diameter of the patch equaling 4.02 mm. Measurements showed that a slightly larger diameter of 4.71 mm resulted in a resonance closer to the desired frequency of 10 GHz. The resonant frequency of the patch was tuned to match the output frequency of the oscillator by adjusting the position of the patch over the feedline.
111. EXPERIMENTAL DETAILS An HTS film was patterned into the oscillator using standard positive photolithographic techniques and etched with an aqueous solution of deionized water : H,PO, :: 100 : 1. This film was a commercially purchased film deposited using an off-axis sputtering technique and had a critical temperature of 88.6 K after patterning. Contacts to the superconductor for the rf output and wire bonding pads were made of silver with a gold overlayer patterned by lift-off photolithography. Wire bonding pads were located at the bias pads as well as at the ends of the transmission lines near the FET. The GaAs FET was epoxied onto the substrate and wire bonds were made to the transmission lines with 0.7 mil gold wire by thermosonic bonding. A copper ground plane with a thickness of 2.4 pm was deposited on the backside of the substrate.
A second HTS thin film was used for the antenna feedline. A YBa,Cu,O,-, thin film was deposited by pulsed laser deposition onto this substrate [lo] . The film had a critical temperature of 86 K. This film was patterned in the same way as the oscillator into a 50 ohm transmission line that was 160 p m wide and 5 mm in length. A silver/gold contact was deposited at the end of the feedline for ribbon bonding, and a 2-pm copper ground plane was evaporated on the backside of the substrate. An alumina substrate with the patterned antenna patch was placed on top of the feedline and held in place with small amounts of fingernail polish at the edges.
The performance of the oscillator was measured on a spectrum analyzer at 77 K by mounting the circuit in a sealed brass test fixture and submerging the fixture in liquid nitrogen. Details of the procedures used for measurement will be presented elsewhere 181. The antenna with its HTS feedline was measured by placing the circuit on a copper test fixture and mounting the fixture on the second stage of a closed cycle gas refrigerator. A high density polyethylene radome served as a vacuum chamber. Details of the experimental apparatus and procedures have been presented elsewhere [5] .
The efficiency of the antenna together with its HTS feedline was measured using the Wheeler Cap method [ll] . To do this, the input impedance of the antenna at resonance was measured with and without a radiation shield from 30 K up to 85 K. The efficiency ( r ] ) was then calculated as: (4) where Rw and R,, are the input resistances with and without the radiation shield, respectively. For this work, an aluminum cap with an inner dimension of 12-mm wide X 12-mm deep by 6.8 mm high was used as the radiation shield. Electrical contact to the test fixture was ensured with silver paint.
The oscillator and antenna circuits were then mounted with silver paint onto a brass test fixture. The rf connection between the two substrates was made by ribbon bonding to the contacts on the feedline of antenna and the output of the oscillator (Fig. 3) . The test fixture was then mounted in the closed-cycle gas refrigerator and covered with the high density polyethylene radome. An X-band horn attached to a pivoting arm served as the receive antenna to measure the radiation pattern of the active patch antenna in the far field as a function of angle.
IV. RESULTS AND DISCUSSION
The output power and frequency of operation of the hybrid oscillator were measured to verify its performance before bonding the oscillator to the antenna circuit. The maximum power attainable from the oscillator at 77 K The sensitivity of the frequency to temperature was -10 MHz/K at 77 K. Detailed results of the measurem performed on this oscillator as a function of tem and bias will be presented elsewhere [8] . For t antenna measurements at 77 K, the FET was vd, = 0.5 V and v6, = -0.5 v which gave a curre Id = 12 mA. For this bias condition, the frequency o signal was 10.082 GHz with an output power of dBm. The efficiency of the oscillator was 10.5%. power of the second harmonic at 20.16 GHz was 3 less than the fundamental signal at 77 K.
The efficiency of the antenna was measured be bonding the antenna to the oscillator circuit. The ciency as a function of temperature is s expected, the efficiency rises dramatical becomes superconducting and then increas temperature decreases, due to the increase in t tivity of the HTS feedline. This trend was in agre with the measured performance of HTS ring reso The efficiency reaches a maximum of 87.4% at 30
The measured antenna patterns with the superco ing oscillator driving the antenna are shown in F along with the patterns predicted for the coby the cavity model [121. The H-plane shows ment with the model, while the E-plane devia tially due to surface waves and the feedline, which are accounted for in the model used. agreement with results published by Schauber which demonstrated that antennas on high substrates are characterized by perturbation plane pattern. The 12 dB dip in the E-plane a polarization patterns at an an certainly due to radiation interference from t and microstrip lines on the oscillator. 77 K. The sensitivity of the frequency as a function of temperature was -10 MHz/K. The radiation patterns for the oscillator were measured as a function of the angle and compared to a cavity model for a driving power from the oscillator of -2.0 dBm. The H-plane showed good agreement with the model, while interference due to the oscillator was present in each trace except the co-polarization of H-plane.
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